Objectives: To identify the specific change of white matter integrity that occurs in the brain network related to epileptic activity in patients with mesial temporal lobe epilepsy (MTLE).
Introduction

1.1
In patients with mesial temporal lobe epilepsy (MTLE), glucose hypometabolism often extends beyond the temporal lobe. Among them, glucose hypometabolism in the prefrontal cortex is associated with cognitive changes (Jokeit et al., 1997; Takaya et al., 2006) , suggesting that functional deficit zones exist in the remote cortical regions (Rosenow and Luders, 2001 ).
1.2
Glucose hypometabolism in the remote cortical regions from the epileptic focus reflects the preferential networks involved by ictal discharges and is also associated with seizure frequency (Chassoux et al., 2004; Takaya et al., 2006) . In addition, after the epileptogenic lesion in the mesial temporal lobe is removed, the remote areas that supposedly receive projections from the affected area show improved glucose metabolism (Dupont et al., 2001; Spanaki et al., 2000; Takaya et al., 2009 ). These lines of evidence suggest that the functional deficit zones in remote cortical regions are most likely the result of the frequent propagation of epileptic activity from the epileptic focus through a white matter pathway.
1.3
Previous studies using voxel-wise whole brain analysis of white matter integrity such as tract-based spatial statistics (TBSS) have shown that the change in white matter integrity occurs throughout the brain in patients with MTLE (Focke et al., 2008; Schoene-Bake et al., 2009; Yogarajah et al., 2010) . One possible reason is that inherent pre-existing abnormalities due to genetic factors or developmental abnormalities might exist in the whole brain in patients with MTLE (Velisek and Moshe, Epilepsia 2003; Love, Lancet Neurol 2005) . However, whether there is any pathway that is specifically impaired compared with other white matter pathways in patients with MTLE remains unclear. Given that the epileptic activity arising from the focus is assumed to generate the functional deficit zone in remote cortical regions through white matter pathways as mentioned above,
we would hypothesize that epileptic activity specifically impairs these pathways.
1.4
In this study, we first delineated the white matter pathways that connect the focus and the remote functional deficit zones in MTLE patients by combining FDG-PET and diffusion MRI tractography. We traced these specific white matter pathways into the cortices that showed glucose hypometabolism in FDG-PET by adopting probabilistic diffusion tractography that can trace beyond region of high uncertainty into the grey matter or across the crossing fibers (Behrens et al., 2007) . Then we evaluated the change in white matter integrity of these pathways using tractography-based regions of interest (ROI) method. The advantage of this method is that it allows the cross-subject comparison of white matter integrity along the given tracts without requiring cross-subject registration (Smith et al., 2013) . We expected to see that the pathway that connects the focus and the 8 remote functional deficit zones is affected much more than other white matter pathways.
Our findings may provide insight into the wide range of functional network impairment in patients with localization-related epilepsy. figure 1A ). The hypometabolic region was observed within the following two regions: 1) the temporal lobe ipsilateral to the focus, i.e., the anterior lateral and basal temporal areas, which included both the hippocampus and parahippocampus that were thought to be the epileptic focus and 2) the ipsilateral extratemporal area, i.e., the ventrolateral prefrontal area.
Methods
Subjects
MRI data acquisition
2.4.1 Magnetic resonance images were acquired on a 3-T Siemens Trio scanner.
Diffusion weighted image (DWI), dual-gradient field map, and three-dimensional (3D) anatomical image were acquired using a 3.0 Tesla MRI scanner (Trio, Siemens, Erlangen, Germany) with an eight-channel phased-array head coil. DWI was acquired using 
2.5
Tractography-based assessment of white matter integrity along the tracts 2.5.1 We herein defined a putative propagation tract (PT) of epileptic activity as a white matter tract that connects the epileptic focus and a remote functional deficit zone. As control tracts, we selected the inferior longitudinal fasciculus (ILF) and the corticospinal tract (CST). The ILF was chosen because both the PT and the ILF usually originate from the anterior and basal temporal areas (Catani et al., 2003) , whereas the target cortical region is different (the frontal functional deficit zone versus the occipital lobe). The CST 13 was selected as a tract that was away from the epileptic focus in the temporal lobe. Both control tracts were reported to show good reproducibility during identification of tracts using diffusion tractography (Wakana et al., 2007) .
2.5.2 In order to identify the PT, the seed region of interest (ROI) was placed in the hypometabolic temporal area that comprised the epileptic focus. This is partly because of a technical limitation: it is difficult to perform diffusion tractography directly on the hippocampus because diffusion-weighted signals are often distorted there because of air susceptibility artifacts. Moreover, atrophy was present in the MTLE group. From the standpoint of the "epileptogenic zone" (Rosenow and Luders, 2001) , it is also difficult to confine the focus to the hippocampus alone. The epileptogenic zone in MTLE is not always restricted to the hippocampus but occasionally is present in the temporal pole and the basal part (Coste et al., 2002; Moran et al., 2001) . Furthermore, according to other FDG-PET studies, the hypometabolic temporal area surrounding the hippocampus is related to generation of ictal discharge and spread pathways (Chassoux et al., 2004) .
According to these pieces of evidence, in the present tractography study, we decided to place the seed ROI in the hypometabolic temporal region. The target ROI of PT was placed in the frontal hypometabolic region that represented the extratemporal functional deficit zone. To divide the hypometabolic region into the temporal and frontal subregions, we in the ipsilateral occipital lobe defined by the MNI atlas implemented in FSLView software.
This target ROI was transferred onto T1 anatomical space in each subject using the inverted transformation matrices of spatial normalization. On a coronal directional color-coded map, an additional waypoint mask was placed in the coronal plane passing through the caudal end of the splenium of the corpus callosum. The tracts that were situated lateral or inferior to the lateral ventricle and running in the anterior-posterior direction were selected. The exclusion mask was set on a midline sagittal plane.
2.5.4 Regarding Cortico-Spinal-Tract (CST), the seed mask was manually set in the cerebral peduncle ipsilateral to the focus by using the axial directional color-coded map in each subject. The target mask was set in the ipsilateral precentral gyrus of Harvard Oxford Atlas (www.cma.mgh.harvard.edu). The exclusion mask was set at a midline sagittal plane.
2.5.5 These target and exclusion masks were constructed in the MNI standard space, and then transformed onto each subject's brain (MPRAGE) using the inversion transformation matrices of spatial normalization. Those made in the directional color-coded map in each subject's brain were also linearly coregistered onto each subject's MPRAGE. Probtracx function of FDT was performed using these masks in MPRAGE space.
2.5.6 Probabilistic diffusion tractography was performed for the PT and control tracts (ILF and CST) with the aforementioned seed, target, and exclusion masks using FMRIB's Diffusion Toolbox (FDT) of the FSL software. Probability density functions were calculated by drawing 5,000 samples from each voxel in the seed mask. The connectivity value was the number of samples that passed through a voxel; this number was automatically calculated by the probtrackx function of FDT. In contrast to deterministic streamlining tractography, we needed a certain threshold value to extract significant tractography findings. Because no gold standard exists for the selection of the threshold, we traced these three tracts using thresholds 0.1%, 1%, 5%, 10%, and 20% of the maximum connectivity value calculated separately for each tract. We then calculated mean fractional anisotropy (FA), mean diffusivity (MD), and volume of the tracts at each threshold. Because the seed masks of PT and ILF were identical in the temporal lobe, we masked out the tracts within the temporal hypometabolic region (both the gray-and white matter) for measurement of FA and MD of the PT and ILF.
2.5.7 FA, MD, and volume of the tracts were subjected to repeated-measures analysis of variance (ANOVA), with the tract (PT versus ILF versus CST) as a within-subject factor, and the group (MTLE patients versus healthy volunteers) as a between-subject factor. If there was a tract-by-group interaction among the three tracts, we performed post hoc analysis of all three pairs (PT versus CST, PT versus ILF, and CST versus ILF). Statistical significance was set at p < 0.05. We used the SPSS 15.0J software for statistical calculations.
2.6 Voxel-wise whole brain assessment of white matter integrity 2.6.1 We also assessed white matter integrity using TBSS to see the change that occurs throughout the whole brain in MTLE patients that has shown in previous studies (Focke et al., 2008; Schoene-Bake et al., 2009; Yogarajah et al., 2010) . In brief, TBSS projects all subjects' FA data onto a mean FA tract skeleton, before applying voxelwise cross-subject statistics. Both control minus patient and patient minus control contrasts were tested, with 5,000 permutations. Multiple comparisons were corrected using a threshold-free cluster enhancement (TFCE) (Smith et al. 2009 ). Voxelwise statistical inference was made on these output images, and significance level was set at p<0.01, corrected for family-wise error rate.
Results
18
The putative propagation tract
3.1.1 It was traced from the temporal to the frontal functional deficit zone at several thresholds (0.1%, 1%, 5%, 10%, and 20%). Because of the "probabilistic" nature of the tractography, as the threshold increased, the traced tracts changed from a widespread distribution to more restricted or focused one (figure 2). At the threshold 0.1%, too many tracts were uncovered to extract the core PT. At the 1% threshold, three pathways were detected. The first pathway ran through the uncinate fasciculus (UF) toward the prefrontal cortex. The second pathway ran through the long segment of the arcuate fasciculus (AF).
The third pathway first ran through the fornix to the thalamus and ended in the prefrontal cortex (figure 2). When the threshold was ≥5%, UF and AF became the predominant pathways among these tracts. At the 20% threshold, only UF remained significant among the three pathways. The seed mask encompassed the gray matter of the whole temporal hypometabolic region for both PT and ILF, but the actual seed areas of the UF and ILF overlapped and were confined to the anterior part of the parahippocampal and fusiform gyri (figure 5). . In other words, compared with the healthy subjects, the degree of impairment was higher in FAPT than in FAILF and FACST in the patients with MTLE at the thresholds 5% and 10% ( figure 3A ). In contrast, no significant tract-by-group interactions were observed between CST and ILF at any threshold. An example of a significant interaction at the 5% threshold is shown in figure 3B .
Comparison of white matter integrity in the propagation
Volume of the tracts and MD were also compared between the patients with
MTLE and healthy subjects at each threshold. The average MD of the three tracts was higher in the patients. However, we could not detect any significant tract-by-group 20 interactions at any threshold ( figure 4A ). As expected, the higher the threshold, the smaller the volume of each tract became. No tract-by-group interactions were observed at any threshold ( figure 4B ).
Comparison of white matter integrity using whole brain voxel-wise analysis
3.3.1 As compared with the healthy control subjects, the whole brain analysis using TBSS revealed a widespread decreased FA in the MTLE patient group (Supplementary figure. 1 ). The decreased FA was not restricted in the ipsilateral temporal lobe, and distributed in the both hemispheres. The distribution was wider in the hemisphere ipsilateral to the focus than the contralateral hemisphere, and involved the ipsilateral putative propagation tract and the control tracts (ILF, CST).
3.3.2 Increased MD was also observed bilaterally and distributed more widely on the focus side, including the ipsilateral SPT, ILF, and CST in the MTLE patients.
Discussion
4.1
The present combined study of diffusion tractography and FDG-PET led to two main findings. First, we found massive pathways connecting the epileptic focus and remote functional deficit zones in the ipsilateral ventrolateral prefrontal area. These pathways consist mostly of the UF and partly of the AF and the fornix. Second, in MTLE patients, the integrity of these pathways is more prominently impaired than in the two control pathways. The extratemporal glucose hypometabolic region identified by us in the ventrolateral prefrontal cortex ipsilateral to the focus is in good agreement with previous FDG-PET studies in patients with temporal lobe epilepsy (Arnold et al., 1996; Jokeit et al., 1997; Takaya et al., 2006) . As we expected in our previous study (Takaya et al., 2009), there is a massive and presumably so exhausted connection through white matter pathways between the epileptic focus and the prefrontal hypometabolic region. Among them, the UF is the dominant pathway, suggesting that UF is a major source of influx that is the cause of the remote functional deficit zone in the prefrontal cortex in patients with MTLE. Two more pathways, the AF and fornix, were also identified. In the present study, the AF could be traced because the seed mask was placed in the temporal hypometabolic region that involves some parts of the middle and superior temporal gyri, which are the cortical terminals of the long segment of the AF (Martino et al., 2013) . The other pathway runs through the fornix to the thalamus and then to the prefrontal area. This network is probably related to the hypometabolism and atrophy observed in the ipsilateral thalamus in MTLE patients (Bonilha et al., 2010; Khan et al., 1997) , although group level analysis did not show significantly decreased glucose uptake in our MTLE group.
4.2
We tested whether a selective or more severe impairment occurs in the PT. For this purpose, we measured FA, a marker of white-matter integrity, along the given tracts using tractography-based analysis. In the MTLE patients, all three tracts (PT, ILF, and CST) showed a significant decrease in FA compared to the control group. This finding is consistent with previous studies on voxel-wise whole brain analysis using TBSS that uncovered a widely distributed FA decrease in the white matter networks ipsilateral to the focus (Focke et al., 2008; Schoene-Bake et al., 2009; Yogarajah et al., 2010) . The results were reproduced in our study (Supplementary figure 1) . Furthermore, our study extended this finding and demonstrated that, in patients with MTLE, FA in the PT (FAPT) shows a much more significant decrease compared with control tracts (FACST and FAILF), suggesting that white-matter integrity is more severely impaired in the PT.
4.3
We also measured MD, another indicator of microstructural properties of white matter. In contrast to FA, the PT in MTLE patients does not show a specific change in MD compared with the two control tracts. This result may be partly explained by our exclusion of the most severely affected part of the PT in MTLE patients. In fact, another study showed that the most significant increase in MD occurs in the regions adjacent to the focus (Focke et al., 2008) , which we excluded from analysis in the present study. In addition, water diffusivity in these regions varies depending on the time elapsed since the last seizure (Hufnagel et al., 2003 ).
4.4
Two possible causes have been proposed as for the change in white-matter integrity in patients with partial epilepsy in relation to epileptic activity: (1) downstream degeneration of output fibers (Concha et al., 2012) , and (2) propagation of epileptic activity from the epileptic focus. In our study, the PT is impaired more severely than ILF, even though both tracts originate in the same region (the anterior part of the parahippocampal and fusiform gyri (figure 5). If degeneration downstream of the focus is the main cause of the change in white-matter integrity, the PT and ILF should be damaged to the same extent. Thus, the propagation of epileptic activity is more likely to cause the change in white-matter integrity. Moreover, a decrease in FAPT that is not accompanied by a decrease in volume may further support functional but not degenerative nature of the impairment. These lines of evidence suggest that the epileptic activity arising from the focus damages the white matter pathways through which the epileptic activity propagates to a remote functional deficit zone (Takaya et al., 2009) . Another possibility for the change in white-matter integrity is that inherent pre-existing abnormalities due to genetic factors or initial precipitating events such as prolonged febrile seizures may also damage the specific white matter pathways. And because of the impaired white matter integrity, the frequent propagation of epileptic activity may be facilitated. Longitudinal studies are needed to further examine a direct cause-and-effect relationship between epileptic activity and the change in white matter integrity in patients with MTLE.
4.5
There are some limitations in the present study. First, not all patients underwent surgical focus resection, although all of them had clinically and electrophysiologically diagnosed as MTLE. Second, the sample size is not large enough to analyze patients with left and right MTLE separately. We flipped the images from the right-MTLE patients and used images from all patients for the group analysis to increase statistical power.
Accordingly, we also flipped images from the same number of healthy subjects for group comparison between the patients and healthy subjects. This approach allowed us to minimize the influence of physiological differences between hemispheres.
4.6 Despite these limitations, our results shed light on the specific network that is associated with functional changes in remote cortical regions during the resting state in patients with MTLE. Further studies are needed that involve diffusion MRI tractography and task-activation fMRI to assess the role of the PT in the functional impairment during cognitive processing in these remote cortical regions. A. Parts of the skeleton colored in red correspond to those of significant FA decrease (p < 0.01, corrected for family-wise error rate). Decreased FA in the MTLE group is not restricted in the ipsilateral temporal lobe where the epileptic focus is located; Decreased FA is distributed more widely in the hemisphere ipsilateral to the focus than the contralateral hemisphere, and involves both the ipsilateral seizure propagation tract (PT) and the control tracts (ILF, CST). 
